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RC slabs on steel trusses as horizontal elements. The building height is about 40m. The slabs on the 
second and third floor span over a m35m35 u  area and are supported by one-way long span steel 
trusses. The two floor slabs are connected by diagonal members and vertical columns to form a mega-
truss, where the slab dynamics are likely to be coupled. On the second floor are a large multi-function 
room (e.g., dancing room) and children play area, while the third floor hosts two basketball courts. 
Significant cultural vibrations from human activities with possible rhythmic activities can be expected. At 
the design stage, a finite element model (SAP2000) was built to estimate the modal properties of the 
structure. Realizing limitations in the model and the absence of the actual damping ratios, it is of interest 
to both the building owner and design engineer to determine the actual modal properties in order to assess 
the likely vibration level under service loading to a higher confidence than is possible from information 
available at the design stage. 
2. Ambient vibration test 
2.1. Instrumentation  
Figure 1 and Figure 2 show the setup plans for 2/F and 3/F, respectively. Figure 3 gives an exterior 
view of the building, which is in its final stage of construction at the time of writing. The dimension of 
the instrumented area is about 30m long by 20m wide. In order to obtain a mode shape comprising both 
2/F and 3/F with a high spatial resolution, a total of 126 locations were planned to be measured tri-axially, 
giving 3783126  u  degrees of freedom (DOFs). For the ambient tests, only six tri-axial 
accelerometers were used, giving 18 synchronous measured channels. All accelerometers were Guralp 
CMG5T with a noise level below one micro-g. Digital data was acquired through five NI 9234 (24bit) 
assembled on NI CDAQ-9178. Acceleration data was recorded at a sampling rate of 2048Hz (the lowest 
allowed by hardware) and later decimated by 8 to a sampling rate of 256Hz for analysis.  
The 126 measurement locations were covered by 2 reference sensors and 4 roving sensors in 35 setups. 
In Figure 1, the grid lines were set beforehand by the contractor. The number in rectangular box shows 
the location number. Typical locations are filled yellow and the reference locations light brown. Next to 
the box shows the setup number underlined. The color of the number distinguishes the particular sensor 
placed, e.g., blue for TM54 and red for TM55. As the setups proceed, the sensors typically migrate from 
the figure North to South, move to the right column and then North to South again. The last four setups 
are exceptions in order to cover the right slab boundary. To allow assembling mode shapes on the two 
floors, one reference sensor was placed on each floor. 
Ambient test of 3/F, which was done one day after 2/F, followed a similar plan in the early setups until 
Setup 8, where the channels associated with TM54 failed due to faulty cable. Subsequent setups were 
revised on the site and resorted to proceed with only three roving sensors. As a result, three setups were 
added to cover all the remaining locations, leading to 19 setups. The final plan used for the 3/F is shown 
in Figure 2. During the test, one person was responsible for a particular sensor. When transiting between 
setups, the roving sensors were moved to the next locations. Including taking pictures and leveling, the 
transition typically takes five minutes. Vibration data in each setup was recorded for 15 minutes. 
Exceptions are Setups 17 to 19 on 3/F, where only ten minutes of data were collected due to time 
limitation and in view of their boundary nature, i.e., relatively unimportant. All sensors are oriented with 
their North aligning with figure North.  
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due to the partition walls. For the third mode in                                                Figure 6, comments similar 
to the first two modes can be made. Overall speaking, the quality of these modes is quite high, as their 
shapes make good physical sense. Apart from analysis algorithms, proper setting out of locations and 
alignment of sensors are vital to achieving this quality.   
Figure 5: Ambient mode shape (mode 2)                                                     Figure 6: Ambient mode shape (mode 3)
3. Forced vibration test 
3.1. Instrumentation  
Forced vibration tests were performed by exciting the structure with a long-stroke electromagnetic 
shaker with a payload of 100N. Only the first two fundamental modes were focused due to their practical 
importance and the difficulty of exciting higher modes significantly above ambient levels (found out on 
site). A typical frequency sweep was carried out, where the excitation frequency was fixed and a 
relatively long (30 sec) steady-state time history was recorded for modal identification. As the minimum 
natural frequency of interest is about 6Hz, the 30 sec data gives about 180 cycles, which is considered 
adequate for forced vibration analysis. An array of sensors were set in a straight line along the EW 
direction from location 2401 to 2409 in one setup on 2/F and from location 3401 to 3409 in another setup 
on 3/F. The reference sensor locations were the same as those in the ambient tests.  
In addition to the Guralp sensors used in the ambient test, four uniaxial Kistler K8330 accelerometers 
were used, giving 10 vertical DOFs synchronously measured in each setup. A sensor was also secured on 
the shaker mass to measure its acceleration. To cover the measurement locations on 2/F and 3/F with a 
limited number of sensors (10 in this case), two setups were performed for each mode. Setup 201 and 301 
were designed for the first mode with sensors and shaker placed on 2/F and 3/F, respectively. Analogous 
definitions apply to Setup 202 and 302 for the second mode. The shaker was placed near the peak of the 
mode shape in order to give a large response. In Setup 201 and 301 (first mode), the shaker was placed at 
the mid-span along the EW direction. In Setup 202 and 302 (second mode), the shaker was placed at the 
quarter-span along the EW direction. The structural acceleration at the shaker location is always measured 
in order to allow the estimation of modal mass. While placing sensors near the shaker is inevitable, a 20 
cm clearance is always kept between them to avoid electromagnetic inference.  
The excitation frequencies were assigned during test in an adaptive manner. Each mode always starts 
with the natural frequency identified from ambient test intended to create resonance. From this value, the 
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excitation frequency was increased by 0.01Hz or 0.02Hz (or higher) in order to obtain a set of resonance 
amplitudes that distributed more or less evenly over the half-power band. The resulting excitation 
frequencies range from 6Hz to 6.5 Hz and 7.3Hz to 8.1 Hz for the first two modes, respectively.  
3.2.  Analysis results 
Figure 7 and Figure 8 show the steady-state acceleration amplitudes versus excitation frequencies for 
tests performed on 2/F and 3/F, respectively. In these figures, the circles show the steady-state amplitudes 
obtained by least square fitting of the recorded time histories at each excitation frequency. Using these 
values as ‘data’, the natural frequency, damping ratio and scaled mode shape are identified by fitting 
simultaneously the amplitudes at different excitation frequencies with a theoretical model. The amplitudes 
corresponding to the best fit model are shown with solid lines in Figure 7 and Figure 8. It is seen that the 
fit is generally good. Exceptions are location 2405 in Setup 202 (Figure 7) and location 3405 in Setup 302 
(Figure 8). The lack of fit is due to the nodal nature of these locations in the second mode where the 
forced vibration amplitude is not significantly larger than the ambient response. In this case, the 
amplitudes obtained by least square fitting of time histories (first step) do not reflect correctly the steady-
state amplitudes due to the shaker. Despite this, the overall fitting and modal identification results are 
unaffected, since the contribution from these DOFs to the overall objective (measure of fit) function is 
small.  
     
Figure 7: Steady-state amplitude versus excitation frequency: Setup 201 (left) and 202 (right) 
Table 2 shows the identified natural frequencies and damping ratios in the four vibration tests. For the 
first mode, the natural frequencies from Setup 201 and 301 are both 6.25Hz and the damping ratios are 
practically the same, being 1%. For the second mode, the natural frequencies differ by only 0.3%. Similar 
to the first mode, the damping ratios are practically the same, say 2%. The RMS values are reported for 
the same vertical DOF as in ambient vibration tests.  
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Table 2: Modal identification results of every setup 
Mode Setup Natural frequency (Hz) Damping ratio (%)
Modal RMS at 2404
( gP ) Remark 
1 201 
301 
6.248 
6.251 
1.14 
1.16 
1124 
1171 
Mode 1, 2/F
Mode 1, 3/F
2 202 
302 
7.641 
7.662 
1.71 
1.82 
833 
897 
Mode 2, 2/F
Mode 2, 3/F
     
Figure 8: Steady-state amplitude versus excitation frequency: Setup 301(left) and 302 (right) 
Figure 9 and Figure 10 show the identified mode shapes of the first two modes (solid lines). The mode 
shapes identified from the ambient tests are also plotted in dashed lines for comparison. It is seen that the 
mode shapes identified from the forced and ambient vibration tests are quite close. In fact, their MAC 
(Modal Assurance Criteria) values are calculated to be 0.9966 and 0.9905 for the first and second mode, 
respectively. Other comparisons are left to the next section. 
    
Figure 9: Mode shape of the first mode                                               Figure 10: Mode shape of the second mode 
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4. Discussion
Table 3 summarizes the natural frequencies and damping ratios identified in different tests (sample 
average over setups). The natural frequencies and damping ratios identified by the ambient and forced 
vibration test are practically the same. Note that the RMS values in the ambient and forced vibration test 
differ by a factor of 20. Despite this difference in order of magnitude, the damping ratios show little 
difference, i.e., little degree of amplitude dependence. 
Table 3: Comparison of two tests 
Mode 
Natural frequency (Hz) Damping ratio (%) Modal RMS at 2404 ( gP )
Ambient Forced Ambient Forced Ambient Forced 
1
2
3
6.212 
7.736 
9.101 
6.250 
7.652 
-
1.10 
2.06 
2.42 
1.15 
1.74 
-
56.6 
37.6 
27.4 
1148 
865 
-
5. Conclusion  
The actual dynamic characteristics of the slab system at the TSW Indoor Recreation Centre have been 
identified by means of ambient and forced vibration test. The modal properties identified from the two 
types of tests are consistent with each other. The identified mode shapes show significant coupling 
between the two floors, attributed to the interior columns between them. The identified modal properties, 
together with the modal mass (not presented here) can be used for assessing the slab vibration in future 
mass cultural events. The whole project also included vibration measurement under anticipated jumping 
by a large number of occupants. Analysis is under way. 
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